The yeast reverse two-hybrid system is a powerful technique for isolating mutations in a protein that abolish its interaction with a known partner. Selection is based on abrogation of growth suppression imposed when wild-type interactions confer 5-fluoroorotic acid (5-FOA) sensitivity to yeast cells. A laborious component of this system is to eliminate those mutations that cause protein truncation. By fusing the green fluorescent protein (GFP) to the C-terminus of a protein of interest, dynein light chain (LC8), we were able to rapidly isolate mutations that did not result in protein truncation. S h o r t Technical Re p o r ts 984BioTechniques Vol. 30, No. 5 (2001) S h o r t Technical Re p o r ts 986BioTechniques Vol. 30, No. 5 (2001) Figure 2. Detection of full-length missense LC8 mutants that do not bind Bim L . (A) Yeast clones co-expressing Bim L and either wild-type or mutant LC8 clones were analyzed by β -galactosidase assay for protein interaction. The mutant clones were isolated in a reverse two-hybrid screen for loss of interaction with Bim L . Six independent clones were analyzed, and cells from replica colonies were tested for expression of full-length protein. (B) Flow cytometric analysis of EGFP expression in yeast. Yeast transformed with Bim L alone (top left) are shown by the black histogram. Yeast clones co-expressing Bim L and wild-type LC8 (top right), LC8 mutant clone 44 (bottom left), or clone 91 (bottom right) are shown by the green histograms. The profile from the control clone (expressing Bim L alone) is overlaid. Sequence analyses showed that clones 44, 52, 74, 88, and 89 harbored missense mutations, whereas clones 91 and 94 had nonsense mutations. S h o r t Technical Re p o r ts
INTRODUCTION
The conceptual basis of the yeast two-hybrid system is the reconstitution of a transcriptional activator by two interacting proteins (2, 10) . It is a powerful technique to study known protein interactions and is widely used to isolate novel proteins that associate with a protein of interest. The sensitivity of the assay system has also allowed identification of mutations that disrupt the interaction of two proteins. Such mutants can be used to probe the key structural components of an interaction and are invaluable in dissecting the biochemical and physiological function of any protein.
There are a number of drawbacks when mutants are analyzed in a conventional yeast two-hybrid screen. The mutants may not be expressed, and deletion mutants that are generated in these experiments may give rise to misleading results. The reverse two-hybrid system offers an attractive alternative to overcome these problems (9) . In this system, subtle point mutations that disrupt the interaction between two proteins can be positively selected by growing yeast in medium containing 5fluoroorotic acid . Any interaction between bait and prey proteins reconstitutes the transcriptional activation of URA3and results in the conversion of 5-FOA to 5-fluorouracil (5-FU). 5-FU is highly toxic to yeast cells, thus preventing their growth when URA3is expressed and thereby eliminating such clones. We have successfully applied this system to study the regulation of the pro-apoptotic BH3only Bcl-2 family member, Bim (5) . Bim is normally sequestered to the microtubules by associating with a component of the dynein motor complex, dynein light chain (LC8). By isolating mutants of Bim that could not interact with LC8, we were able to show that the binding of Bim to the motor complex is important for the normal regulation of Bim's pro-apoptotic activity.
Both the reverse two-hybrid system and the alternative split hybrid system (6) require the generation of a library of random mutants by low-fidelity DNA amplification using DNA polymerases. Most of the mutants generated will be nonsense mutations that, like deletions or insertions, result in the expression of truncated proteins. Since only 0.01% of the mutants are likely to be missense mutations and thus informative (8) , screening out the uninformative mutants poses a major impediment to the widespread use of these techniques. Western blotting using specific antibodies (if available) is only useful if high expression levels are achieved. In a few instances, it is possible to detect expression of full-length protein by detecting interactions mediated by a region downstream of that subjected to random mutagenesis. For example, the ability of Bim to interact with its functional target, Bcl-2, requires the BH3 domain that lies C-terminal of the region for binding to LC8. This feature of Bim allowed counterselection for full-length mutants of Bim that did not bind LC8 (5) . Such a counter screen is often not possible because the domain structure of many proteins is unknown. For example, although the structure of LC8 has been solved and the region required for its homodimerization is known (4,7), it is unclear which region of the protein binds to Bim (5) . To map the Bim-binding region of LC8, randomly generated LC8 mutants were screened to isolate those that no longer bound Bim.
Here, we describe a method for identifying full-length non-interacting mutants by fusing the enhanced green fluorescent protein (EGFP) onto the Cterminus of LC8. The C-terminal tag did not alter the ability of LC8 to interact with Bim, and expression of fulllength non-interacting LC8 mutants was readily detected by fluorescenceactivated cell sorting (FACS) analysis of transformed yeast clones. Sequence analysis confirmed that these mutants did not harbor any mutation that would result in protein truncation. This simple modification allowed us to perform a reverse two-hybrid screen much more rapidly than would otherwise have been possible.
MATERIALS AND METHODS

Plasmid Constructs and Random Mutagenesis
To construct pGAD EGFP (Amp R ), a Xho I and blunted Apa I fragment of EGFP was subcloned into the Sal I and blunted Bgl II sites of pGAD 424 (Clontech Laboratories, Palo Alto, CA, USA). To make pGAD LC8 EGFP, mouse LC8 was amplified using the proofreading Pfu DNA polymerase (Stratagene, La Jolla, CA, USA) with the following oligonucleotides (sense: 5 ′ -TC GAATTC ATGTGCGACCGAA -AG-3 ′ and antisense: 5 ′ -CACCATGG -CGCTGCCTCCGCCTCCGGATCCA -GATTTGAACAGAAGAATG-3 ′ ) and subcloned into the Eco RI and Nco I sites of pGAD EGFP. This construct encodes a fusion protein consisting of an N-terminal GAL4 activating domain, mouse LC8, a short linker sequence (SGGGGS), and C-terminal EGFP. The sequences of all derived clones were verified by automated sequencing (Applied Biosystems, Foster City, CA, USA). Mouse Bim L lacking the hydrophobic C-terminus was subcloned into a modified pGBT-9 bait vector (Clontech Laboratories) conferring chloramphenicol resistance to make pGBT-9 Bim L Cam.
To generate random mutations in mouse LC8, the entire coding region was amplified using the following oligonucleotides [sense: 5 ′ -TATAACG -CGTTTGGAATCACTACAG-3 ′(corresponds to part of the GAL4 activating domain) and antisense: 5 ′ -CAGATGA -ACTTCAGGGTCAGCTTG-3 ′ (corresponds to part of EGFP)]. Reactions (100 µ L) were performed with 100 ng template DNA (pGAD LC8 EGFP) and 20 pM of each primer in 50 mM KCl, 10 mM Tris-HCl, pH 9.0, 0.1% Triton ® X-100, 1.5 mM MgCl 2 , 1 µ g/ µ L BSA, and 5 U TaqDNA polymerase (Life Technologies, Rockville, MD, USA). The relative concentrations of the nucleotides were modified independently so that one dNTP was limiting at 20 µ M, while the other three were at 100 µ M. Thus, four independent reactions were performed with a limiting amount of a different dNTP in each. After 10 cycles of 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C, MnCl 2 was added to a final concentration of 100 µ M for 30 further cycles. The amplified product was gel purified using QIAquick™ columns (Qiagen, Valencia, CA, USA).
Yeast Strains, Reverse Two-Hybrid Screening and β -Galactosidase Assay
The Saccharomyces cerevisiae strain used was MAV 203 ( MAT α , leu 2-3 , 112 trp 1-901 his 3-200 ade 2-101 gal 4 gal 80 SPAL10::URA3 GAL1:: HIS3 lys2 Can1 cyh ) (gift from Marc Vidal, Massachusetts General Hospital, Charlestown, MA, USA). Yeast transformations were done according to a standard protocol (3). The randomly mutagenized products generated by PCR were transformed into MAV 203 together with pGBT-9 Bim L Cam and purified pGAD LC8 EGFP digested with Eco RI and Nco I to remove the wild-type LC8 coding region. Yeast transformants were selected on plates containing synthetic complete medium lacking typtophan (W) and leucine (L) and were replica plated on to -W, -L plates (synthetic complete medium) containing 0.2% 5-FOA. The plates were replica cleaned immediately, incubated for 24 h at 30°C, and replica cleaned again before incubation for a further 2-3 days at 30°C. To allow better comparison between slow-and fastgrowing colonies, the replica-plated colonies were dabbed with a velvet cloth (replica cleaned) to remove the excess cells from time to time (9) . Resistant clones were picked and tested for β -galactosidase activity as described previously (1, 5) .
FACS Analysis
To detect expression of full-length proteins, yeast cells from individual clones were resuspended in water and analyzed in a FACScan™ (BD Biosciences, San Jose, CA, USA). Live cells were gated on the basis of their forward and side light scatter characteristics, and EGFP expression (excitation maxima 488 nM; emission maxima 509 nM) of approximately 5000 cells was detected in the FL-1 channel (activation at 488 nM; detection at 530 ± 15 nM).
Plasmid Rescue and Sequencing
Plasmids from yeast clones expressing non-interacting mutants of LC8 were rescued from total yeast DNA (11) by transformation into the bacterial strain HB101. The transformed bacteria were plated onto Amp r plates to select for pGAD LC8 EGFP clones and to eliminate pGBT-9 Bim L Cam. The clones were sequenced by automated sequencing (Applied Biosystems).
RESULTS AND DISCUSSION
To map the region within LC8 to which Bim L binds, we screened a library of LC8 mutants, generated by Vol. 30, No. 5 (2001) BioTechniques 985 low-fidelity PCR, for clones that cannot interact with Bim L . Full-length mouse LC8 was cloned into pGAD EGFP to fuse LC8 to the DNA activating domain of the GAL4 transcription factor at its N-terminus and EGFP at its C-terminus ( Figure 1 ). We verified that this construct, pGAD LC8 EGFP, did not encode for a protein with constitutive transactivating activity (data not shown). Importantly, the fusion protein was expressed in yeast as evidenced by its abil -ity to interact with Bim L and by detection of EGFP fluorescence (Figure 2 ). LC8 mutant transformants (5000) were screened, and 97 grew in medium containing 5-FOA. Of these 97 LC8 clones, only seven were negative when tested for β -galactosidase activity, indicating that they could not interact with Bim L in this assay. The remaining clones were mostly false positives in the initial screen when selection was based solely on growth in 5-FOA. The yeast clones were then analyzed for expression of full-length fusion protein by EGFP fluorescence. Five of the seven clones were EGFP-positive consistent with expression of full-length protein ( Figure 2 ). All five clones produced fluorescence comparable to wild-type LC8 (data not shown and Figure 2 ), and sequence analysis showed that these clones had informative missense mutations. In contrast, the two clones that did not exhibit fluorescence had mutations that would result in protein truncation. This analysis has allowed us to rapidly map the region of LC8 that binds to Bim L (unpublished data). The validity of these results was confirmed when we were unable to detect any interaction between the LC8 mutants and Bim L in mammalian cells (data not shown). These mutants will be used to further study the regulation of Bim.
In a previous screen, we eliminated truncation mutants of Bim L that could not bind to LC8 by assaying for an intact BH3 domain in Bim L . This domain is downstream of the putative LC8binding region subjected to random mutagenesis (5) . Yeast clones that contain Bim L mutants that did not interact with LC8 were cured of the LC8-encoding plasmid and then mated with a yeast clone expressing Bcl-2, a protein known to interact with the BH3 domain of Bim L . This whole procedure took a few weeks, while, in the method described here, each clone was characterized in under a minute. Since protein interactions may be artificially generated when the partners of interest are grossly overexpressed, the sensitivity of the EGFP tag allows objective scoring of low-level protein expression, thus avoiding this potential pitfall when studying protein interactions. Thus, the conventional yeast reverse two-hybrid screen combined with ease of screening
